Covariant density functional theory based on the relativistic mean field (RMF) Lagrangian with the parameter set NL3 has been used in the last ten years with great success. Now we propose a modification of this parameter set, which improves the description of the ground state properties of many nuclei and simultaneously provides an excellent description of excited states with collective character in spherical as well as in deformed nuclei. 24.10.Cn, 21.30.Fe, 21.60.Jz, 24.30.Gz Density functional theory is a universal and powerful tool for describing properties of finite nuclei all over the periodic table. In the non-relativistic framework the most successful density functionals are the ones based on density dependent forces, such as the Skyrme [1] or the Gogny [2] functional. Relativistic mean field (RMF) theory was first introduced as a fully fledged quantum field theory by Walecka [3, 4] . However, it turned out very soon [5] , that for a quantitative description of nuclear surface properties an additional density dependence is necessary. Nowadays RMF theory modified in this form is considered as a covariant form of density functional theory. Over the years it has gained considerable interest, in particular, for the description of nuclei at and far from stability [6, 7, 8, 9, 10] . Compared with non-relativistic density functionals covariant density functional theory has certain advantages. They are characterized by a new saturation mechanism obtained by a delicate balance between a strongly attractive scalar field and a strongly repulsive vector field. Moreover, the very large spin-orbit splitting, observed in finite nuclei, is a relativistic effect. Therefore, its treatment in relativistic models arises in a natural way without any additional adjustable parameters. In addition, time-odd mean fields which are important in systems with broken time reversal symmetry are uniquely defined in RMF theory because of the Lorentz covariance of the underlying Lagrangian [11] .
Density functional theory is a universal and powerful tool for describing properties of finite nuclei all over the periodic table. In the non-relativistic framework the most successful density functionals are the ones based on density dependent forces, such as the Skyrme [1] or the Gogny [2] functional. Relativistic mean field (RMF) theory was first introduced as a fully fledged quantum field theory by Walecka [3, 4] . However, it turned out very soon [5] , that for a quantitative description of nuclear surface properties an additional density dependence is necessary. Nowadays RMF theory modified in this form is considered as a covariant form of density functional theory. Over the years it has gained considerable interest, in particular, for the description of nuclei at and far from stability [6, 7, 8, 9, 10] . Compared with non-relativistic density functionals covariant density functional theory has certain advantages. They are characterized by a new saturation mechanism obtained by a delicate balance between a strongly attractive scalar field and a strongly repulsive vector field. Moreover, the very large spin-orbit splitting, observed in finite nuclei, is a relativistic effect. Therefore, its treatment in relativistic models arises in a natural way without any additional adjustable parameters. In addition, time-odd mean fields which are important in systems with broken time reversal symmetry are uniquely defined in RMF theory because of the Lorentz covariance of the underlying Lagrangian [11] .
Pairing properties are essential for a description of nuclei with open shells. They have been included first in the constant gap approximation by occupation numbers of BCS-type [12] . Since this procedure requires the knowledge of the experimental pairing gaps, it cannot be applied in unexplored regions of the nuclear chart, where the binding energies are not known. In addition, it is noted that the BCS approximation breaks down in nuclei far from the valley of stability, where the coupling to the continuum is essential [13] . Therefore the constant gap approximation has been replaced by relativistic Hartree-Bogoliubov (RHB) theory [14] which includes a finite range particle-particle interaction of Gogny form. The details of this theory have been discussed in several review articles [6, 7, 8] and in the references given there.
In any case the adopted functionals are considered universal in the sense that they can be used for nuclei all over the periodic table, where mean field theory is applicable. It is therefore very desirable to find a unique parameterization for the Lagrangian of the model, which is able to describe as many experimental data as possible. In other words, we search for an effective force that is able to describe properties of nuclei from light to very heavy, from the proton to the neutron drip line. Moreover, a powerful density functional should not only describe the ground state properties of finite nuclei but also, at the same time, collective excited states within time-dependent density functional theory. This is crucial because otherwise, one would end up with one effective force for the description of the masses, another one for exotic systems, a third one for giant resonances an so on. Definitely, such specific parameterizations do not serve the purposes of universal density functional theory. Their inability originates from the fact that they are tailored to describe either specific observables or narrow regions of the periodic chart.
There are several types of relativistic density functionals. Conventional RMF theory is based on the Walecka model, where the nucleons interact by the exchange of phenomenological mesons and, up to now, in all the successful relativistic models two additional assumptions are essential: (i) in the mean field approximation only the nucleonic fields are quantized and the nucleons move independently in classical mesons fields, depending in a self-consistent way on the nuclear densities and currents, and (ii) in the no-sea approximation vacuum polarization and the contributions of the negative energy solutions are not explicitly taken into account.
Of course, the pure Walecka model is unable to describe nuclear matter and finite nuclei in a quantitative way. The medium dependence induced by many-body correlations is not reproduced properly. This leads to an effective density dependence, which can be taken into account either by non-linear self-interactions between the mesons or by a density dependence of the coupling constants. Models with density dependent coupling constants are tailored more in the spirit of density functional theory. Indeed, they have turned out to be very successful [15, 16, 17] . However, they are technically more complicated, in particular, for RPA calculations. On the other hand, non-linear models have some justification. In fact, the effects of vacuum polarization which can contribute up to 30 % to the resulting binding energies are not taken into account explicitly in the framework of the no-sea approximation, but only globally by adjusting the parameters of the model. A proper renormalization procedure in nuclear matter [18] and in finite nuclei [19, 20, 21] leads to counterterms in the form of non-linear meson coupling. From this point of view nonlinear meson coupling theories seem at a first glance to be more appropriate for a phenomenological description of vacuum polarization as compared to those using density dependent coupling constants. Of course, by adjustment of the final Lagrangian to the same experimental data, both methods to introduce a density dependence lead to very similar results. However the details are different: non-linear meson couplings lead in the case of nuclear matter to density dependent meson masses, i.e. to density dependent range parameters of the force and no rearrangement terms in the Dirac equation, whereas density dependent coupling constants lead to density dependent strenght parameters of the effective force and additional rearrangement terms. So far such differences have not been investigated in detail.
The parameter set NL3 [22] with non-linear meson couplings represents one of most successful non-linear RMF forces. It was proposed ten years ago. In the meantime, new experimental data on nuclear masses have appeared. Moreover, new and more reliable information about the neutron skin became available. On the other hand, it was found that NL3 encounters some difficulties in describing light Hg and Pb isotopes [23] and certainly, there is always a need for better predictions of the masses which, of course, reflect also correct nuclear sizes. For this reason we decided to improve the parameter set NL3 by performing a new global fit of ground state properties of spherical nuclei and infinite nuclear matter. New parameterization obtained in this fit will be called NL3*.
In order to stay as close as possible to the very successful parameter set NL3, we kept in this fit the functional form of the Lagrangian unchanged. In particular the density dependence of the both parameter sets NL3 and NL3* is determined by the non-linear meson couplings in the isoscalar channel σ. We will discuss the adequacy of this ansatz at the end the this letter.
The starting point of Covariant Density Functional Theory (CDFT) is a standard Lagrangian density [24] 
which contains nucleons described by the Dirac spinors ψ with the mass m and several relativistic fields characterized by the quantum numbers of spin, parity, and isospin. These are effective fields mediated by mesons, with no direct connection to mesons and resonances existing in free space. They only carry their quantum numbers and characterize the properties of the possible relativistic fields entering the effective Dirac equation, which corresponds to the Kohn-Sham equation [25] in the non-relativistic case. It is only for simplicity that we use the conventional names
. In addition, we have the electromagnetic field A. In principle there should also be an effective scalar meson with I π = 0 + , and T = 0, the δ-meson. It plays an important role in G-matrix calculations [26] . However, present phenomenological parameterizations of the relativistic energy density functional [16, 17, 22] are very successful without the inclusion of this meson. On the basis of present experimental data in finite nuclei it is very difficult to distinguish between effective scalar and vector mesons in the isospin T = 1 channel, and, therefore, all the isospin dependence is carried by the effective ρ-meson.
The Lagrangian (1) contains as parameters the meson masses m σ , m ω , and m ρ and the coupling constants g σ , g ω , and g ρ . This model has first been introduced by Walecka [3, 4] . It soon became clear that surface properties of finite nuclei, in particular, the incompressibility, cannot be described properly by this model. Therefore, Boguta and Bodmer [5] introduced a non-linear meson coupling
which brings in an additional density dependence. By fitting experimental data of some carefully chosen spherical nuclei, very successful parameter sets have been proposed. For example, the set NL1 [12] is an excellent force for describing ground state and rotational properties of finite nuclei along the valley of stability. However, it produces a very large asymmetry parameter a 4 . Therefore, later, the parameter set NL3 [22] was introduced to improve the asymmetry parameter using the same ansatz without increasing the number of phenomenological parameters. This set is able to describe many ground state properties of finite nuclei all over the periodic table. Recently, the set NL3 has also been applied very successfully for the investigation of excited states such as collective rotations [27, 28, 29] and giant resonances [30, 31, 32, 33] . In particular, the use of the effective force NL3 in the ph-channel together with the Brink-Booker part of the Gogny force D1S in the pp-channel [14] , within the framework of RHB theory, led to a very successful tool for the description of many properties of ground states as well as of excited states with collective character. The NL3 force was for a long time the only parameterization of the Lagrangian of the RMF theory that was able to provide simultaneously a consistent description of both excitation energies of giant monopole and giant dipole resonances. In Table I , the experimental values of the energies of the Giant Monopole (GMR) and Giant Dipole Resonances (GDR) in 208 Pb are compared with the predictions of various non-linear forces. It is clearly seen that all forces give reasonable values for the GDR energy, which are close to experiment. This is not the case, however, for the giant monopole resonance. There, all forces predict values which, either overestimate (NL-SH [34] and NL-RA1 [35] ) or underestimate (NL1 [12] , NLZ [36] ) the experimental value. Only NL3 and NL3
* give results which are in excellent agreement with experiment. This, of course, is connected with the value of the incompress- ibility of nuclear matter predicted by each of these forces. The starting point for the fit of the new parameter set were the NL3 values, this time, however, the mass m ω of the ω-meson was kept fixed to m ω = 782.6 MeV. This value differs slightly from that obtained in the NL3 fit in Ref. [22] and is the same as the one proposed for the free nucleon-nucleon force by Machleidt in Ref. [37] . As shown in Table II 58 Ni by 72 Ni in order to include more data on neutron rich isotopes. The experimental binding energies were taken from Ref. [38] , and the charge radii from a recent compilation in Ref. [39] . The most recent experimental information on the neutron skins of the nuclei 90 Zr [40] , 116 Sn, 124 Sn and 208 Pb [41, 42] was also included. The values in parentheses correspond to the relative error bars used in the fitting procedure. The binding energies of finite nuclei and the charge radii are taken within an uncertainty of 0.1% and 0.2%, respectively. The error used for the neutron skin is 5%.
For the open shell nuclei pairing correlations are treated in the BCS approximation with empirical pairing gaps (five-point formula). Nuclear matter information was also considered in the fit. The "empirical" input is: E/A = −16 MeV (5%), ρ 0 = 0.153 fm −3 (10%), K 0 = 250 MeV (10%), and J = 33 MeV (10%). The values in parentheses correspond to the error bars used in the fitting procedure. The resulting values of the Lagrangian parameterization NL3* are given in Table III fective interaction NL3. The resulting energy at saturation and asymmetry energy are rather close to the former values, only incompressibility is about 12 MeV smaller.
Nonetheless both values are still sowewhat to high as compared with other paremeter sets with a density dependence in the iso-vector channel [43, 44] . In Fig. 1 the binding energies of more than 180 eveneven nuclei are compared with experiment and the predictions of the NL3 forces. All calculations have been performed within the RHB model with the Gogny force D1S [45] in the pairing channel.
(3) The parameters µ i , W i , B i , H i , and M i (i = 1, 2) of this force are given in Ref. [46] . It should be emphasized that, since a finite-range pairing interaction is used, the results do not depend on unphysical parameters like, the momentum cut-off in the pairing channel.
The results of NL3* are shown as open circles while those obtained with NL3 are marked by filled circles. For light nuclei, both forces give similar predictions, however, as the mass number increases NL3* results are clearly closer to the zero MeV line.
As discussed above the parameter set NL3 had difficulties to reproduce the proper ground state deformations in light Hg and Pb nuclei [23] . This is no longer the case with the parameter set NL3*. To investigate this, we have carried out constrained axially deformed RHB calculations of several even-A Pb isotopes with masses between 182 ≤ A ≤ 192 in an external quadrupole field and we display in Fig. 2 the corresponding energy surfaces as a function of the quadrupole deformation. It is seen that in all cases the Pb isotopes turn out to be spherical. This is also the case for all other Pb isotopes, which are not shown in the figure. It is also seen that the Pb isotopes manifest the interesting effect of shape coexistence. The energies which correspond to the oblate and prolate shape solutions are very close to the spherical ones but definitely lay higher in energy. This indicates a clear improvement as compared to the parameter set NL3, where some light Pb isotopes showed a deformed shape [23] . A more quantitative analysis goes beyond the mean field limit and requires, for instance, GCMcalculations [47, 48] . It is essential, however, that the mean field solution, which is the starting point for such investigations gives the correct behavior.
In the following we investigate dynamical processes such as collective vibrations with the same parameter set NL3*. For that purpose we study the time-dependent RMF or RHB equations in the small amplitude limit [49] , i.e. we solve the relativistic RPA or QRPA equations. In Fig. 3 we display results for the monopole and isovector dipole response for the nucleus 208 Pb. For the multipole operatorQ λµ the response function R(E) is defined
where Γ is the width of the Lorentzian distribution, and
In the examples considered here the continuous strength distributions are obtained by folding the discrete spectrum of R(Q)RPA states with the Lorentzian (see Eq. (4)) with constant width Γ = 0.5 MeV [32] . The calculated peak energies of the ISGMR resonance at 13.9 MeV and of the IVGDR resonance at 12.95 MeV should be compared with the experimental excitation energies: E = 14.1 ± 0.3 MeV [50] for the monopole resonance, and E = 13.3 ± 0.1 MeV [51] for the dipole resonance, respectively. Clearly, the agreement with experiment is very good. The NL3 force predicts the same value for the IVGDR and a slightly larger value for the ISGMR. This is to be expected as the predicted value for the nuclear incompressibility with NL3 is larger than the one obtained with NL3*. However, both values are within the experimental error bars and one could say that RMF theory with non-linear meson couplings leads to values of the incompressibility around 260 ±10 MeV. Recently a new computer code has been developed for the solution of the relativistic QRPA equations in axially deformed nuclei [52, 53] . We used this code for the study of giant resonances in deformed nuclei. Here, we present as an example calculations in the prolate deformed nucleus 100 Mo. In Fig. 4 we show the total isovector dipole cross section as function of the GDR energy. The parameter set NL3* is very effective in reproducing these experimental data. The full line corresponds to the fully selfconsistent deformed relativistic QRPA calculations while the dotted line are the experimental data [54, 55] . The estimated centroid energy for the GDR differs from the experimental value by less than 0.2 MeV. It is noted that NL3 also predicts excellent results, however, our analysis shows that the results with the newly developed NL3* are slightly better. This can be traced back to the improvement in the density dependence of the non-linear sigma channel of the new force.
The response of the nuclei to an external force provides an important test of our understanding of their microscopic structure. The Coriolis force is one of such forces. It is of particular interest because it breaks time reversal symmetry in the intrinsic frame and leads therefore to currents and to nuclear magnetic fields having its origin in the spatial contributions of the vector mesons [56] . The impact of this field can be studied in rotat- ing nuclei. Such studies were previously performed with various non-linear RMF parameterizations in the different parts of the nuclear chart, see Ref. [7] and references therein. In order to test the parameter set NL3* we selected several representative examples. This choice was guided by (i) the necessity to test the accuracy of the description of different types of rotational bands in different mass regions, and (ii) the restriction to consider only bands which are very weakly affected by the pairing correlations. The later constraint is related to the fact that the pairing modifies considerably the rotational properties and some inadequacies in the pairing channel may prevent meaningful conclusions about the reliability of the parameterization. For a discussion of this point see Ref. [28] . Thus, a highly-deformed band in the nucleus 58 Cu [57] , a non-terminating ground state band in 74 Kr [58] , a smoothly-terminating band in 109 Sb [59] , and an yrast superdeformed (SD) band in 143 Eu [60] were selected for this comparison. The pairing correlations are weak in these bands, and thus all calculations were performed within the framework of cranked relativistic mean field (CRMF) theory [61] which neglects pairing.
The results of these calculations for rotational and deformation properties of the bands mentioned before are compared with experiment in Fig. 5 . The kinematic (J (1) ) and dynamic (J (2) ) moments of inertia (Fig. 5a ) of the highly-deformed band in 58 Cu as well as its transition quadrupole moment Q t (Fig. 5e) are well described by the CRMF calculations. The fact that the J (1) moment is considerably larger than the J (2) moment and that both moments smoothly decrease with rotational frequency are clear fingerprints that the pairing is not important at high spin [7] . While this condition is clearly satisfied in 58 Cu (see Fig. 5a ), these moments are closer to each other in the case of the SD band in 143 Eu (Fig.  5b) suggesting that the pairing is relatively more important in the later band. As a result, we observe somewhat larger discrepancies between experiment and theory in the case of 143 Eu (Fig. 5b) . If the calculations would Moments of inertia J (1, 2) [MeV include weak pairing, this would lead to the decrease (increase) of calculated J (1) (J (2) ) moments of inertia bringing them closer to experimental data. It is also necessary to mention that the SD band in 143 Eu is not linked to the low-spin spectra.
Based on the effective alignment approach with respect of the linked yrast SD band in 152 Dy [7, 63] the spin of the initial state of this band has been suggested to be I 0 = 16.5 : this value has been used in the plotting of experimental kinematic moment of inertia in Fig. 5b . However, one cannot completely exclude also the value I 0 = 18.5 (see discussion in Ref. [61] ); this would increase experimental J (1) values bringing them closer to calculated ones. The rotational properties of the bands which come close to their maximum spin I max (as defined from the distribution of particles/holes over lowand high-j orbitals) are usually analyzed employing excitation energies plotted versus rigid rotor reference. This type of analysis is used for the bands in 109 Sb and 74 Kr, see Figs. 5c and 5d. One can see that at high spin above I ∼ 20 , where the pairing is expected to be weak, the CRMF results describe the excitation energies very well. The band in 109 Sb is a classical example of a smoothly terminating band; it starts at low spin at near-prolate shape, then with increasing spin its shape becomes more and more triaxial and finally at I max = 41.5ℏ it terminates in a non-collective oblate state [7] . This process of smooth band termination is associated with the gradual loss of collectivity which is nicely seen in the drop of the transition quadrupole moment Q t with increasing spin (see Fig. 5g ). This feature is nicely reproduced in the calculations. On the contrary, the ground state band in 74 Kr reveals a new phenomenon of non-termination of rotational bands (see Ref. [58] for details): it remains collective at I max = 32ℏ. Contrary to the case of the band in 109 Sb, its transition quadrupole moment is more constant as a function of spin (see Fig. 5f ).
One can see that the CRMF calculations with the parameter set NL3* provide a very successful description of different aspects of rotating nuclei. In general, the results of the calculations are very close to the ones obtained earlier with the NL3 parameterization of the RMF Lagrangian.
As mentioned above, the density dependence of the parameter sets NL3 and NL3* is determined by the nonlinear meson couplings in the isoscalar channel σ. The vector fields ω and ρ, in particular, the isovector channel described by the ρ-meson are still coupled linearly and this leads to relatively large neutron radii and a very stiff equation of state for neutron matter [16] as well as very stiff symmetry energies as a function of the density [44] . Models with non-linear couplings in the ρ-channel as for instance the parameter set FSUGold introduced by Piekarewicz in Ref. [64] can improve this, however at the cost of additional parameters. Density dependent covariant functionals eliminate the non-linear coupling terms and use, instead of that, at the cost of additional parameters, density dependent coupling constants g σ (ρ), g ω (ρ), and g ρ (ρ) which depend on the baryon density ρ. This concept is evidently closer to the idea of density functional theory. On the other hand, one has to keep in mind that a proper treatment of the effects of vacuum polarization by a renormalization procedure would require counterterms which are nonlinear in the meson fields with the same polynomial structure [18, 19, 20, 21] . In addition, because of the relatively small surface diffuseness in nuclear systems and the narrow range, in which the density is changing from its value at saturation to zero, calculations of matrix elements with density dependent coupling constants and of the corresponding rearrangement terms require a considerably larger numerical effort, in particular, in the case of axially symmetric and triaxial applications. Considering all these points the non-linear version of RMF theory is still a very useful concept because it combines simplicity with excellent predictions for many nuclear properties.
In conclusion, in the present work we have reconsidered the well known parameter set NL3 after ten years and by a new fit with modern experimental data we introduced an improved parameterization NL3* for the RMF model, which contains only six phenomenological parameters. It is able to improve the description of nuclear masses and to cure some small problems observed previously with the NL3 force. At the same time, it provides excellent results for collective properties of vibrational and rotational character.
